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ABSTRACT

A study is being conducted at the Nava
Laboratory to determing the feasikility of =

rocket thrust contrnl.  The method is one in which the wn-

jection of a secondary flow throttles the primary or main
nozzle flow.

The initial phase of the work centered around the

use of a low pressurs-ratic nozzle cxhausting to atmo
phere.

g~

A variety of secondary injectior configurations
were zd. All of these were located in the

roat region
of the main nozzle.

Asymmetric {axially} as well z2s
syminetric configuratione were investigated.

Results obtained thus far indicate that significant
fiow throttling can de achieved through secondary injection.
Mozzle thrust is directly proportional to total flow and total
fiow is approximately linearly related to secondary injec-
tion rate. Performance is 2 strong function of injection
angle but insensitive to injection orifice arrangement or
asymmelry A relatively simple analytical model was
devised which agrees with the flow tar -itling data.
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SECTION 1

INTRODUCTION

As modern rocket engines move toward the million pound thrust
range, the problem of thrust vector control becomes increasingly im-
portant. Gimbal systems have hecome enormous and, as yet, good
methods of engine throttling are virtually nonexistent. The need for
more efi~ient systems is apparent.

The Naval Supersonic Laboratory (NSL), encouraged by the NACA
work reported in Ref. 1, proposed to the Office of Naval Research (ONR)
to undertake a program of inves ‘gation of a new method of rocket thrust
control. In December 1958, ONR support was furnished under Contract
No=z~ 1841(61) to perform a Phase I feasibility study of the problem.

The method of thrust control under study here involves the use cf
a secondary flow which effectively throttles the main nozzle flow. It was
feit that symnietric injection for thrust modulation and asymmetric in-
jection for vector control should prove to be efficient.

The Phase I results are summarized in detail in the present re-
port. These results have been promising enough to warrant further

study of the parameters affecting thrust control.

TR 430 1
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SECTION II -

EARLY WORK

A. UNITED AIRCRAFT CORPORATION :
Controi of the thrust vector of a nozzlc 5y means of fluid in-

jection was first investigated by the Rescarch Department of the United

Aircraft Corporation {UAC). The important features of this investiga-

tion are diacussed briefly in this section.

The method, in general terms, involves the injection of a i
secondary gas intc a mair nozzle to alter the main flow. [n the UAC
studies (Ref. 2}, the secondary gas was injected into the supersoric

(divergent) portion of a convergent-divergent nozzle for the purpose of

changing the thrust vector direction. As expected, the resultant genera-

tion of shock waves altered the pressure field in such a way as to add to

the reaction force of the secondary jet. The thrust vector was thus

changed and control was achieved by varying the secondary flow.

The UAC experiments were concerned with conical noszles and

several injection configurations. The conical divergent sections of all

of the nozzles had a se'ni-vertex angle of 15*. Nozzle exit-to-throat

arez ratios ranged frem 8.0 to 25.0. Sonic and supersonic injection

port geometries were tested at various lucations in the primary nozzles.
Almost all of the tests involved the use of single injection ports; only one
test had two ports, located 90° apart. In all cases, the injection port
axis was perpendicular to the nozzle wall.

The primary nozzle throat diamet~r was 0.85 inches while the stag-
nation pressure and temperature were 320 psia and 100*°F, respectively.
Air was used as the working fluid in both the primary and s=condary flows.
The secondary flow rate was varied to a maximum of 10 percent of the
primary {low rate, both flows were measured with flowmeters. The

thrust and sic. force were measured direrily by means of strain gage tech-
niques,
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The UAC measurements indicated that side force is directly pro-
portional to szcondary flow rate. In addition, this resu't was found to
be indepcondant of the primary noztle avea ratio and prassure ratio as
well as the injecticn part location {(whose range was well into the super-
sonic portion of the nozzle). In particular, the side force gencrated s
approximately 1.4 time s the calculated reaction force of the secondary
jet. The results for supersonic injection ports showsd sensitivity to
nozzle contour in thai periormance improves with shaping fur parallel
flow at the exii. However, supersonic injection, per se, does not in-
crease the side force induced in the primary nozzl<. The configuration
with two injection ports showed that, based on equal total secoudary tlow
rates, the side force generated in a plane mid-way beiween the ports
was less than that for a single injection po:i.

A similarity parameter was also developed which correlated a
limited amount of previously obtained data. That data was from Loth
cold and hot gas tests made by UAC and the Naval Air Rocket Test Sta-
tion, respectively. The parameter was derived from a simple analytical
approach which approximated the phys:ical situation. A ratio of side

force to thrust was developed of the form

Side Force _ {function of gas properties and primary
Thrust and secondary flow Mach numbers

Secondary Flow Rate j Secondary Flow Stagnation Temp
Primar; Flow Rate Primary Flow Stagnation Temp

where the expression in brackets i< only functionally defined. The hot
and cold gas data was found to vary in a linear fashion with the flow ratio
times the square rout of the temperature ratio Thus the expression in
brackets may be represenced by an empirical constant.

In summasry, it may be said that the UAC work initiated the con-

cept of fluid injection as a means of nozzle thrust control. The tests

conducted by UAC were by no means an exhaustive study of the methad

In fact, the results cited abeve show that an increase of side force of
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only 40 percent is realized vver that which would be obtained with the
, secondary flow not directed into the primary nozzle. Nevertheless,
/, the numrber and possible variation of the parameters iavolved indicates

that there were areas yet to be explored.

B. NACA

The NACA also investigated the secondary injection method cf
flow control. The NATA eaperuments, reported in Ref. 1, concerned
symmetric injection for {low throttling as well as asymmetric injection
for ilow deflection. This program was designed to evaluate gas injec-

tion as a meanz of controlling the exhaust area of a jet engine nozzle.

The following is a brief discuzsion of the NACA study.

. 1. Model and Instrumentation - .

The NACA investigation concerned a convergent main {primary)
nozzle into which secondary gas was injected from a circumferential
L slot at the nozzle exit {which is also the minimum section). The primary
A nozzle was a conical one with a semi-vertex angle of 8° and an exit
. diameter of 4.0 inches. The injection slot directed the secondary gas .
perpendicular to the primary nozzle axis. The «lot width was varied
such that the ratio of slot area to primary nozzle exit area ranged from *
0.018 to 0.488. Asymmetric injection {or primary {low deflection was 7
achieved by blocking a portion of the circumference of the slot. Sym-
mertric injection means that the entire slot circumference wag filled with
secondary gas.
The primary nozzle exhausted to atmosphere and was operated at

pressure ratios of 1.6, 2.0, 2.4, and 2.8. The ratio of seccndary stag-

"

nation pressure to atmospheric pressure was varied between 2.0 and

w

7.7. Air was the working fluid in the nrimary and secondary flows, both
of which were measured with standard ASME orifices. The stagnation
temperature of both streams was approximateiy 330*R. The nozzle
assembly was held by a suzpeonsion system in which thrust and side {orce

were measured with force cells.

Py

. TR 430 b
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2. Test Resuite
a. Symmetric Injection
The results votained with sy:nmetric injection shnawad thal s 7
thé soduction 1a primary flow, which 1s related to thrust, varies almost : S
in direct proportion to secondary flow rate. Some typical measnrements 3 ‘3_ .
c . . s -
have bcen plotted in Fig. 1 where primarv flow 1s plotted agaiast second- i
ary flow. The basic significance of the results shown is that the reduction T "

in primary flow is greater than the corresponding injected secondary flow.

in addition, as the pressure ratio of the primary nozzle is increased, a

given primary flow reduction requires more secondary injection. How-
ever, the rate of increase of secondary flow required is smaller than the
corresponding rate of increase of primary pressure ratie. This is
reasonable once the primary pressure ratio exceeds the sonic value {about
1.88). Thereafter the flow behavior should be sensitive to the secondary-
to-primary stagnation pressure ratio rather than the overall pressure .
ratio of the primary nozzle.

Although the data shown in Fig. | corresponds to a siot-to-exit
area ratio of 0.033, it is typical of the other slot widths. Tkat is, the data .
is similar regarding the remarks just above. There is, however, a vari-
ation in performance with slot width. This va:iation is illustrated by the
data shown in Fig. 2 which also corresponds to symmetric injection. The . i
increase in primary flow reduction {at a given “’s/""pa} with decreases in
slor width, shown for a primary pressure ratio of 2, is typical. This
effect may be due to the fact that potential secondary momentum is not

avzilable at the low secondary pressure ratios which accompany large slot

widths and high fiow rates. _ :
A simple analytical model is discussed in Ref. | which was used to S

correlate some of the symmetric injection data. It is similar to one that

was developed earlier by Martin (Ref. 3) which i: discussed in detail in

the next section. It is an empirical method in which an experimentally

determined factor correlates the data but does not prove the model.

&

A parameter was devised {or use as a measure of the efficiency

TR 430 &
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of the nozzle in generating thruet. It is calied the thrust ratic and

definag a3

Thrust
W w
Lv i 2w

p g s

where the velocities VP and Vs are the flow speedg attained by a peifect
gas in an isentropic flow expansion from the appropriate stagnation
pressures to atmospheric pressure. For symmetric injection it was
found that the thrust ratic was between 0.94 and 0.98 in nearly all cases.
Thus, not only is the nozzle thrust proportional to total flow but it ap-

pears that the throttling process is an efficient one.

b. Asymmetric Injectior

Nozzle performance was also measured, as mentioned
previously, with asymmetric secondary injection. Some of the results
in these tests have been plotted in Fig. 3. This figure shows the flow
throttling achieved with asymmetric injection. Despite the large differ-
ence in A_/A _ from that ol Figs. | and 2, flow throttling performance is
similar to that with much smaller As,f'ﬁn. The effect of primary pressure
ratio is the same as that shown in Fig. 1, and this is also true at ratios
cther than those shown in Fig. 3. In addition, the effect of As,f.sin is the
same as that shown in Fig. 2, and thiz also pertains to other primary
pressure ratios. Some effect of th: circumferential angle of injection is
ohrervable in that a slightly greater primary flow reduction {(at a given
wé_;"wpv) occurs with an angle of 45 as opposed to 30 degrees.

A parameter called the side force ratio was devised for axe in
comparing the performance of the asymmetric injection confizurations.
The side force ratio is merely the side force divided by the same denom-
inator as that in the thrust ratic. The total measyred side force ratic for
these same configuralions is piotted against secondary flow in Fig. 4. The
effect of primary pressure ratio on the side force ratio iz similar to that

at pressure ratios not shown. This effect ic seen to be one which de-

creases ihe side force {2t a given wy/w, ) as the primary pressure ratio
TR 430 7
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1s increased. This decreass bas two sources, both of whiva are related
to the signi.icant flow throttiing shown in Fig. 3. First, the reduced
effective flow area (in injection zone}, inherent with throttling, increases
the static prescure (as velocity decreases) on the walls upstrcam of the
injection slot. This increased static pressure decreases the momentumn
of the sccondary flow. Secend, and more unpgortant, as throttling in-
creases with secondary flow, the pressure distribution (which produces
side force) on the walls upstream of the injection slot becomes less
asymmetrical.

Also shown in Fig. 4 are the effects of glot width (As;’An} and cir-
cwnferential injection angle {3). Side force de~reases {at a given
""s/wpg3 as slot width is increased, at a constant § of 90°. This is the
result, as in the previous case with symmetric injection, of decreased
secondary momentum associated with lower secondary pressure ratios.
A smaller effect on side force is noted for the circumferential injection

angle B. Side force increases {at a given ws.fw } as B decrcases {rom

90° to 45° with the effect being more pronouncegoat the higher primary
pressure ratio. At pressure ratios higher than those shown, the cffect
is like that at a primary pressure ratio of 2. It should be mentioned,
however, that a decrease in 8 must increase side force since secondary
injecticn is then more closely aligned with the side force direction. In
view of this fact, the conclusions just made should be regarded as being
somewhat tenuous.

The merit of asymmetric injection was partly judged in Ref. | by
2 comparison to .. theoretical performance of a similar configuration
cperated exteraal to the primary nozzle. Although enumerated only in a
few cases, results were apparently similar to those of YAC. In partic-
ular, the gain (over cxternal operation performance) in side force
varied between 0 and 100 percent. However, gains higher than about 50

{

percent were realized onls at very small flows {less than w_/w,_ of

0.04).

Po

3. Summary

" ;
in summary, it mav be said that tie NYACA wark rozoricd ia Re




CONFIDENTIAL

Y oa om

constituted a significant extension of the UAZ effort. articular im-

ortance was the use of symmetric injection for flow ..ottling. In this
P bj ] g

connaction, results with a convergent nozzle snower _hat periorr:ance is
2 strong function of cecondary Qow rate amd wive va-ies . e intdy with

injection slot width and primary pressure ratio.

In th2 czce of asymmectric injection, flow throttling was found to
b= a similar function of the same variables 2= those of importance with
symmetric injection. A significant amplification in side for ce attends
asymmetric injection over a range of secondary flow rates. According to
Ref. 1, however, the associated primary flow throttling would limit appli-
cation to the jet engine nozzlc problem.

Unfortunately, the lack of a clear specification of experimental
error injects some uncertainty into the results. Nevertheless, the sig-

nificant trends are no doubt dependable.
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SECTION 1l

THEORY COF THE SAECRODYNAMICALLY VARIABELE NCZZLE

A flow analysis has been devised which is substantiated by the
NSt {Phase I} experimental data. The NSL water table studies and the
work reported in Ref. 3 contributed significantly to the development of
the NSL theoretical model. The first part of this section presents the
theory developed by Martin in Ref. 3. The remainder of this section

bricily describes a water tabie study and develops, in detaii, the NSL
theory.

A. MARTIN THEORY

The problem of secondary injection into a main stream is con-
sidered by Martin in Ref. 3. Secondary injection is viewed as a possible
metaod of obtaining 2 aczzle with a variable throat. It is poinied out, as
in the NACA report (Ref. 1), that such a noz=le would be cf use in con-
trolling the performance of a jet engine at different operating conditions.

Martin deveioped two theoretical models for the fiow vwhich occurs
with secondary injection. The first is based on the assumption that the
injected gas mixes completely with the main stream. The second one
assumes that the jet flow will be _ >parated irom the main stream bv
means of a vortex sheet. Although these models are treated individu_ily,
it should be noted that this procedure is regarded as a simplification
necessary to generate an amenable analytical problem. It is most likely,
2s Martin points out, that in the real case both effects will be presert.

Although the two theoretical flow configurations are discussed
separately below, cer:ain simplifying 3ssumptions are cornmeon to both.
The most basic one is that the flow is onc -dimensional. In addition, the
primary and secondary fluide are assumed to be perfect gases whose
flow is isentropic. A further assumption is that the local injection
pressure anc temperature {hetn_e density} are equal to the stagnation

values in the main stream. [t was not suggested by Martin that these

i
-
Y
w
L
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and secondary streams mix to form a final stream tube of radius R;.
The primary stream flows uniformly at Mach number M, at station | while .
a uniform combined stream flows past station 2 at Mach number M,.
The equations of continuity and momentumn are then applied to the
flow and, in particular, are evaluated at stations 1 and 2. The appropriate .

form of the equation of continuxty is

B

1 L .
pr R My [YRT:])3=pi REM [YRT, |5+ 2R, by poMy, [YRT ]2 (5)

in which, s mentioned above, the local injection density is taken as the

stagnation value in the primary strzam. The continuity equation may be

rewritten as

y 4
T, ,
e fB] (o] e, BJ vty [Re] [Ze]
0

Po R; lTo } Ta R! 8 | To 1. Ts

—
]
|
ol

wherc the primary and secondary fluids are the same gas. The atsump- .
tion that Tyg = T simplifies Eq. (6} since the temperature ratios cancel
one another in the sccond torm on the right hand side of the equation. .

The equation of momentum i= applied in the form

TR 430 13 = -

CONFIDENTIAL




CONFIDENTIAL

1 jr,. 1
2 T . Z ig o Y
Py R‘z +py sz M,” YR {_LTOJ Ty - 2b; B, ps 3‘-"-:5_ vR {'T;; j To, cos &
) 2 2 g2 LY
=P Ry +p: Ry My" YR |52 To N

which, like Eq. (5), is the general repres~ntation. As above, with the
primary and secondary streams being the same gas, the momentum equa-

tion simplifies to

rT; Ta
2 P|Buf - 2B G e I |
po*YMx Po ZR, YM;, {T; —|cos ¢

2

f |
- LR py
po T Y Me ‘_ﬁfj Fo (8

This equation, however, has the additional assumpticon that the average
stagnation density of the combined strcam is equal to the initizl primary
stagnation density. Martin shows that this introdeces a negligible error.
As in Eq. (o), the temperature ratios cancel in the third term on the left
hand side of Eq. (8).

When certain final assumptions are made the continuity and momen-
tum equations {6 and 8) yield a solution to thc problem. The geometry is
specified by the assumption of values for the parameters b, /R, and ¢
while the particular gas employed designates y. The final assumptions
necessary are an initizl secondary Mach number M, and the overall
preseure ratio p; /po (2lso implies an M, ). In addition, the pressure,
density, and temperature ratios in Eqs. (6} and (8) are functions of Mach
number according to Eqs. (2}, (3), and (4). Thus, Egs. (6} and (8) ere
a pair of simultanzous cquations with unknowns [ R, /R, ]3 and M;.
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2. Vortex Sheet Case 4

The basic assumption in the vortex sheet case 1s that the primary
and secondary streams do not mix. The fiow configuration is shown in
the sketch below.

#ain Streom
yhindricgl Chonnel

[a)

The secondary flow enters the nozzle in the same manaer as that in the
mixing process case. In the vortex sheet case, however, the primary
and secondary flows are two distinct streams at station 2. At this
station, the primary stream has a radius R, while the surrounding cyl-
inder of secondary flow has a thickness b; . In addition to the corre-
sponding Mach numbers in the mixing process case, there is 2 secondary
Mgs at station 2.

There are two equations of continuity for the vortex sheet case.

The appropriate one for the primary flow is

i . i
p: Ry M, IyRT:]% = py R¢* M, [YRT, | ? (9

oA

which may be manipulated to the form

v

3
E-‘-Eé} M, |32 -2, [T

po | R, _I T, (10)

toye=
hd
<
-
i
a
[E—— ]
L
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The continuity equaticn for the secondary flow :5 given by

Cuime

1
: (R EY)

pzg Rz by M, i'fR?zs} = po Ry By My jYR Il

where, as in the mixing process case, the local injection density is

taken as the stagnation value in the primary stream. Equation {11) has

the form of Eq. (10) when rewritten as
: :
Pz. IR, b Ty | ¢ (T)q
N KA S/ I V] —— = M : {12
Po {Rg b‘ s rgs ‘5 LTAS )

It should be pointed out that the secondary continuity equation contains

the approximation that the cross sectional area of the cylindrical second-

ary flow is 2nR; b, . This is a good approximatior as lorg as b,/R; << 1

which would be the case if the secondary flow rate is small compared to
the primary cne.
The momentum equation for the vortex sheet case is

.3

T
p: R +p M YR {%"}Tc Ry* - 2by Ry po M} YR {Ti} Ta_ cos ¢
GJ vy

T: .
=p; R +p; M YR {ﬁ} To RS

2

+ 2 b_l Rﬁ! p_)s ?V{zsz Y R ['-f;_s‘} TOS (13}
-1

This equation may be simplified by manipulation and substitution of Eg.
{12), which results in the form

4 2 "P } b ‘ {sz] rTa:

By 3 L. 22, i —

= +y M, l?"_g R, "'M’s ,Tos} {Ta cos &
i

tuime

=Ba s oyM,?

Po (14

1}
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e
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In this equation, as in Eq. (8), the temperature ratios cancel one ancther
in the third term on the left hand side of the equalion.

The continuity and momentum equations yield a problem solution,
as in the mixing process case, dependent upon certain final assumptions.
These necessary assumptions are those of the mixing process case plus
an additional one. The additional assumption necessary is a specification
for Mzs. However, Martin assumes that p; is equal to Pig which im-

piies a value for M,;, as follows. The assumed M, implies a ;‘.v,s/p(.S and

Pig . Po
Pos Pos
Also, as stated above
B . s
Po Po
and thus
e Pz .Dzs

Po, Po  Pu,
which implies the value of M, {by Eq. 3).
The pressure, density, and temperature ratios in Eqs.(10}and{14)
are, as mentioned previously, functions of Mach number. The determina-
tion of M, according to the procedure above then makes Eqs. (10)and{14)

. . . . . e 12
a pair of simultaneous equations with unknowns [R, /R, ] and M,.

3. Theoretical Results and Exper itnvad

The calculations carried out for the two Martin flow models are
presented in the following paragraphs. [t should be noted that the methods
as presented in the preceding =cctions employ a different notation than

that used by Martin.

In the mixing process and the vortex sheet case, the

secondary flow rate 's poverned by the same equalion. In non-dimensional
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form, the secondary flow may be written as

2 ﬂR! bl fo Mx‘_g YRTls]

£ +]

~& <
wn
1
-~
e
(553
-

2 T H
ii?\, P2 i\’ﬁg{ﬁj lYRTO}"

By the assumptions that were mentioned previously, Eq. {18) simplifies

to

w
—.i- = 116
w_ 1 {16)
p [, 1:
e o2 |y, |12

Po e Ts

Equation (16) shows that the secondary flow ratio varies directly with

st-

b. Flow Throttling

The work reported by Martin included an experiment, and
the data obtained was compared to the results predicted by the two
analytical models. The calculations carried out by the NSL were for the
same condiiious as this Martin case. The NSL method and resuilts
teumnilar to Martin's results) are presentad below along with the appro-
priate comparison tc the data.

It was mentioned in the previous sections that a problem sclution
requ:res certain final assumptions. In accordance with Ref. 3, the
geometry was specified by b, /R, = 0.02 and &= 70°. Air was the work-
ing fluid {y = 1.4) and the overall primary pressure ratio {p; /pp = 0.5283)
was such that M; = 1. The related assumptions yield a relatic.shiipy fur
secondary flow ratio {from Eq. 16} which 1s 1llustrated in Fig. 5.

The {inal equations for both fiow models were solved by a graphical
technicue. As indicated in the previous sections, a problem solution
finally derives from a pair of simultancous equations with unknown 9, /23}2

and M,. However, these cguations cannot be solved explicitly in the form
H : S b
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given. Thus, a graphical method was used in which Eqs. (o} aund {8}
{(mixing process case) or {10) and (14) {vortex sheet case} were each
solved for [ R; /R, }2 with both results being plotted as a fun  -a of M,,
as shown ir the sketch below. The intercectinn nnist {c 3 solusi
the cor.-esponding M, and [R; /Ry ]z satis{ying the simultaneous equations.

A solution was thus determined for each assumed secondary flow rate.

1.0
R
“_ MOMENTUM
< S£QUATION PROBLEM
€L VARIATION SOLUTION
3
9 7}
a CONTINUITY
« EQUATION
a gl VARIATION
&
< NOTE: same we/wp,
S5+
-1 i i g i
.5 6 7 .8 .9 1.0

PRIMARY FLOW MACH NUMBER, M,

The most meaningful form of the results for both analytical models
is one which directly indicates {low throttling performance. This is readily
achieved when primary flow is given as a function of secondary flow. The
area ratic [R; 'R, }l found from the procedure abov~. is a flow throttling
parameter in both models. The continuity equation {Eq. 6} for the mixing

process case shows that

rﬁi] i = Y an
lLR:ji -“.E‘ ;
iﬁ‘,
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Thus the primary flow throttling, a ratio of wp/wpo » is determined by sub-
tracting the associated value of ws/'w {assumed with M;,) from [R, /R, ]'.

In the vortex sheet case, Eg. (10} shows that

% = B (18)
! Po

since the primary and secondary streams flow without mixing.

The results for the mixing process and the vortex sheet case are
shown in Fig. 6 where primary flow ratio is plotted against secondary {low
ratio. The corresponding data obtained by Martin is also shown. It is
obvious from Fig. 6 that the d2:z does not corroborate the theory. How-
ever, without closer inspection the data seems to have some similarity to
the shape of the mixing process curve. This is contrary to the expecta-
tions of Martin who felt that, as the secondary flow increases, the {low
configuration should depart fram the mixing process form to become one
of a vortex sheet character. The monotonically increasing difference in
flow throttling between the mixing process and vortex sheet cases is due to
the third term on the right hand side of Eq. (i4). This term represents the
secondary stream momentum at station 2 in the vortex sheet model and it
increases continuously with increasing secondary flow rate.

A few criticisms of the Martin flow models may be made immedi-
ately as suggestions for sources of the disagrcement shown in Fig. 6. The
first and most obvious one is the absence of viscous effects. However,
viscosity must be neglected with the hope of justification on the grounds
that the resultant sclvable problem will yield a useful solution. If such is
not the case, then a more cmpirical method may be the only eventual
practical approach. One assumption in both flow configurations which de-
serves comment is that the local injection conditions {pressure, density,
temperature) are egual to the stagnation values in the primary stream.
This implies that the primary stream i- instantancously at rest at the in-
jection station. However, it is obvious that the primary stream velocity
{ar injection station} wiil be small only when the effective primary throat

1s reduced significantly by a good deal of throttling. in other words, the
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assumption appears to be a poor one at low values of secondary flow rate.
Furthermore, this assumgtion leads to somewhat unrealistic behavior of
the secondary flow parameters. [hatis, by Eq. (16) (with iixed by /R,
and M;) ws/ww is directly praportional to M, which mcans thai cach
secondary flow rate aiso has a different Pog and To,. In additicn, when
M;, exceeds un‘ly, each {low rate has a different size throat upstream of
the entrance slot. This matter will be discussed further in the beginning
of the section on NSL theory.

The data obtained by Martin is siinilzr to some of the NACA data
discussed earlier. A comparison is made in Fig. 7 where the appropriate
flow throttling data is plotted. It should be peinted out that in addition to
the differences noted ia Fig. 7, the Martin data was obtained with a cylin-
drical channel while the NACA experiments were concerned with a con-
vergent nozzle. Nevertheless, the curves in Fig. 7 show at least quali-

tative agreement between the experiments.

4. Summary

The work done by Martin must be recognized 2s an important con-
tribution to the solution of the secondary injection problem. It was the
first thorough attempt to generate a theoretical model of the flow throttling
process. Although the analytical models devised by Martin were not well
substantiated by experimental data, the methods invelved were cortainly
worthy of study. 'n fact, that this was the case is demonstrated by the
next section. It is shown therein that study of the Martin methods led to
development of the NSL thcoretical models which have been corrcborated
by experimental data.

B. NSL THEORY

The data from a series of NSL experiments {Phase [}, like the
Martin data, disagreed with the results of thc Martin analytical models.
This further evidence suggested that either the Martin hypotheses be
improved or 'me others be developed. An effort was undertaken with

these objectives and both have been achieved to 2n ercouraging extent.
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Two areas of effort were responsible for the analytic.l work
accomplished. One is the water table study, which is descrived in the

first portion of this section. The other is the further investigation of
the Martir models, which is discussed 1n the second portion of

this
section.

The water tablie study and extended Martin work led to the final
development of the NSIL. flow models. These are presented in the final

portion of this saction.

1. Water Table Study

In anticipation of further and more detailed research with air
models (experimental}, an experimental study was carried out to test
the applicability of the hydraulic analogy {Ref. 5} to the flow throttling
problem. It was felt that this techrique might contribut: some under-
standing at very little cost or experimental complexity.

A simple model was built based on the analogy. Ina few words,
the hydraulic analogue is the water flow through a horizontal channel
which simulates the flow of a perfect gas with a y of 2. The primary
nozzle wus a convergent-divergent one with an exit-to-threcat area ratio
corresponding to 2 Mach number of 3.0. In the flow througk the nozzle,
according to the analogy, the water height is proportional to the density
and temperature in the gas while the gas pressure is proportional to
the square of the water height. The secondary flow was injected {(from
a siot) at the throat of ihe priumary nozzle, as it was in the previous
series of experiments with air (Phase 1).

The only measurements, aside {from ilow observations, obtained
from thie test were primary and secondary {low rate data. However, it
was found that the water table Z2la indicated essentially the same flow
throttling variation as the one obtained with air. Thus, despite the com-
parison of two-dimensional daia {water tablc) and three-dimensional data
{Phasc I, air) the analogy apprared to hold much better than had bern
anticipated.

In spite of a lark of understanding {which still exists) of the

process which made the anaiogy hold =0 weil, plans were formulated for
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more refined and extensive tests. These siudies were to te done on a
larger water table at the MIT Hydrodynamics Laboratory. Howsver,
two -dimensional tests of the same kind, but using air, were found to

jook similarly attractive {dus to evicting NSI aquipment) and offarad

3
the use of the NSL schlirren capability. In addition, it was fclt that
such data would be more directly applicable to an axisymmetric air noz-
zle. Thus, the water table method was abandoned in favor of two-
dimensional air tests.

Nevertheless, the relztively crude experiments of the NSL water
table did contribute to the effort. These tests were fruitful in that the
flow observations helpued to avolve the analytical models discussed in the
remaining parts of this scztion. In particular, the water table flow
showed that all of the throttling took place in a relatively short axial dis-
tance. This was regarded as support fi use of a constant-area
channel flow analysis. In addition, the use of ink {as 2 visual aid} in the
flow pointed the way toward the secondary flow behavior used in the NSL

flow analyses.

Z. Martin Models

The Martin analyticzl flow modcls, discussed in the preceding sec-
tion, were studied beyond the work reported in Ref. 3. These studies had
the objective of umproving tne analytical results and, in particular, cor-
relating the NSL experimantal data (Phase I) which is presernted in 2 sub-
sequcnt section.

The mixing process and vortex sh+:ct cases were derived in the
notation of the previous section, but according te some new assumptions.
The assumption of local injection conditions {p, p, T) being equal to the
primary stagnation values was modified. The implications of this assump-
tion were mentioned on page 28. Although these implications might be
considered acceptable for very small secondary flows {up to ws,fs?%*u 0.05),
they become unrealistic at higher {(up to ¥, s’wﬁ_’ ~ 0.15) but still reasonable
ieveis. Nevertheiess, to maintain the basic nature of the Martin approach,
it was assumed that the local primary static pressure equale the local in-

jection pressure
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in addition, a new assuinption was made regarding secondary in-
jection. It was assumed that the secondary strezin flows through a sonic
orifice of fixed area from a ruservoir at some stagnation pressure and

stzgnation temperature.” Furthermore, it was ascumed that the inicc

station was at the sonic peint of the unrestricted prumary flow. The sonic

Pty

orifice assumption simplifies the secondary mass {low =quation but it
means that the secondary-to-primary stagnation pressure ratio has a lower
limit of one {for theoretical calculations). Since the secondary stagnation
temperature is a constant {constant ratio to the primary value), the second-
ary flow rate varies in proporiion to the stagnation pressure.

It was felt that these conditions were more realistic than those of
Ref. 3.

a. Secondary Flow

The secondary flow rate, as in the previous section, is
governed by the same equaticn in both the vortex sheet and mixing process

cases. However, the exact form of the secondary flow ratio is now given
as

A 1 R EEENRE
5 F?s Pog =g l s
W, a Ry {Ps } Po Tas} o
— = - (19)
P2 13
[2] wm [2]°
£z ¢ ]

which is based on the new assumptions relevant to the secondary flow.
This equation also assumes, as before, that the primary and secondary

fluids are ihe same gas.

-

Thus, the sketches of the M vrations in the preceding
seclivn are siill reievant with only slight modification. The flow now
enters the channel through a2 sonic orifice of area A, rather thap an

eatrance of width b;. Accordingly, the area of the secondary flow, in
the voricx shoet case, is A;_a

n
i3
4
1S

w F

’
: 3
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b. Mixin

'

rocess Lase

LL]

The important features of the mixing process case are

shown in the sketich on page 13 except for the changes noted above. The

continuity equation, analogous to Eg. (6), is

-~ 1 -

1 ¢ H
er] 2] w, {&l el m,
Pe | Ry {Ts

A

} _?9

- - i
s ¥ Pag f°_s T,
= Rf Po_ Po Ty | To

=

- -

Bl

{20)

L
e
[
D
[ CU——
Mise

s

in which the secondary flow term is the same as that in Eq. {i9). Fur-

thermore, this term is, of course, the one which makes the equation

different from Egq. (6).

The momentum equation is the same as Eq. (8} except for ons

term: and is written as

3‘-1-}&52
g [ron

!
I

where A, /A,

Ly omt (ﬁs)*}
=) |

21

is the 1sentropic area ratio which correspends o M-

Hereafter, M, denotes the Mach number to which the secondary flow is

= . . L. ; . . .
The isentropic flow area ratio is a form of the continuity eguztion for a

perfect gas and iz given

by

2 {, Y-
R G 2

¥+ 1
..z\’ } dy-1b
7

A

in which M is the Mach number at the station where A is the area, in 2

streamtube flow.
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assumed 1o accelerate as it enters the primary nozzle. The 'njection
Mach number is uznily since, by definition, the secondary flow is ex-
hausted from a sonic orifice. As before, itis assumed that the avearage
stagnation density of the combined stream is equal to the initial primary

stagnarnon sensity.

c. ¥Yortex Sheet Case

The vortex sheet flow configuration is shown by the
sketch on page 15 except for the changes noted on page 24. The con-
tinuity eqeation is the sar.e as Eq. {10). The coniinuity equation for the
secondary flow is treated below.

The momentuin egvation, analogons to Eg. {14}, is

] fa ] a Hp 1 [ee
I ] -] 1z
%;{ +y M "\’%Ex: -_;-s} ;,-—'-i -p-;s— cos &
L ®s ) TR ‘l sid J
I z} k i 1
i 2 i .“ig Ag Pz H Pa
"i ! j g‘:.gd ng 3Lts;; 3

LT

where -"izgf"-‘- ag % #h. iseniropic area ratio whichk corrcssonds to :%;5

from secondary {low continuity considerations. The sccondary Mach

r .‘éi :s determined, 35 beofore, by ?gﬁ;’?gs according to the pro-

=

s developed zbove are anaiszous to those

of ths preceding section and essentially the same {inal assumptions a2

vious that these assump-
t1ans resuit in a similar {incd set of simultansous sguations.
{t was assumed, a< in the previous instance, that the overall

rimary pressure ratio {p; 2. = 0.528:) was suchthat M, = I. Alse,

i

e
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air was again the working fluid ir both the primary and secondary streams.
The secondary-to-primary stagnation tomiperature rativ was assumed to

be unity, which reduccs Eq. {19) to

oL P B (23)
Wpa Po walz

The value of Ags/vr R,?, analogous to 2b, /R, , was chosen somewhat 7
arbitrarilv as 0.05. The injection angle ¢ was taken as 60° since this s
was the angie peculiar to the NSL Phase I tests. The resultant sets of
simultancous equations for the two flow models were again solved by the
graphical technique presented on page 19,
The results for the mixing process and vortex sheet cases are
shown in Fig. 3 where primary flow ratio is plotted against secondary
flow ratio. It is not possible, as mentioned previously, to generate
meaningful results at a pgs/pg of less than one, which by Eq. {23) cor-
responds to a ws/w% of less than 0.05, Thus, the -~olid curves begin a¢
this value of secondary flow ratio. Over the comparable range of
secondary flo. rates, the previous corresponding results of Fig. 6 ghow
reasonable simlarity considering the parametric {injection area, ¢)
differences. However, at higher flow rates the method of Ref. 3 {cor-
responding tc results in Fig. 6) yields significantly more flow throtling :
than that shown in Fig. 8. This dif’ ‘rence in performance can be traced ',
to the assumption which coucerns l2c2l injection conditions. The NSL
{Phasc I} data corresponds to significantly less flow throttling than the

»
prediction of the method of Ref. 3. Thus, the modifications which cor- S
*
respond to the decreased flow throttling results of Fig. 8 may be re-
garded as improvements iz the Martin models.
3. NSL Flow Models -
Further stedy led to maodifications of the Martin flow models
which then yielded results that proved to correlate the NSL data. In
aadition to the improvement ia the Martin models, 2 new nne was .
developed which is also supported by the eracriment .} resgults,
The major modification of the Martin imodels §g a differarce
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in the treaument of the stagnant air zone {see sketches on papges 13 and
15). 1t was felt that this separated {low zone might exist at some very
low pressure. That is, the centrifugal force on the secondary flow as
it changes direction {by v - &) might leave little flow near the wall
just downstream of the injection point. Therefore, for the purposes
of analysis, it was assumed that the separated flow zone pressure is
negligibie (mathematically, zero) compared to that in the primary and
secondary streams. The resultant flow models are called the "second-
ary mixing® case (modified mixing process case} and the "shuet flows
case {modified vortex sheet case).

The detailed development of the sccondary mixing and sheet f{low
cases is given below. Also presented is the development of the third

maodel which is called the secondary expansion case.

a. Secondary Flow

The secondary flow ratio is given by £q. (19) for the
secondary mixing, sheet flow, and secondary expansion flow medels. In
all three cases, the assumption is again made that the primary and
secondary fluids are the same gas.

b. Seccoandary Mixing Case

The secondary mixing flow configuration is shown by the
sketch on page 13 as modified by the remarks on page 24. The appropriate
form of the continuity equation is given by Eq. {20).

The momentum equation, similar in form to Eq. (21), is written
in the present case as

£ i A T[Pag] [oo
B l+v M ¢ - ha ...ff —
Ps { Y My ¥ sz P, Bs cos ¢

2
= P2 (R YK '
- B (R’) L4y M, (24}
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This cquation has the additional assumption that the entering secondary
flow does not expand ta auper<onic speed. That is, it does not accslerate
along the original entrance direction. This is believed to be a more
realistic assumption and it is sunparted by ahaervationg of tha watas
table flow. The pressure ratio Pag /pgs is thus a constant (sonic value

of 0.5283) with M‘s being equal to unity. Finally, it is again assumed
that the average stagnation density of the combined stream is the same

as the initial primary stagnation density.

c. Sheet Flow Case

The flow configuration for the sheet flow case is shown in
the sketch on page 15 as modified by the remarks on page 24. The sheet
flow case continuity equation for the primary flow is the same as Eq. {13}.

The momentum e¢quation for the sheet flow case is given by

A, P, Po
BLlrsym? -y |2 f_s —2 1 cos
¥ Y n R.C ‘ pos Po ¢
: A, 1T A
=P [Bi) 1, yMZ s B2t S s
Po g‘ i/ J A$5 " R‘z

Y M, —Az’] Lo | [Prg] [ 7o (25)
s Aas‘l - RfJ Po, Po

where, as in the secondary mixing case, it is assumed that the entering
secondary flow does not expand to supe rsonic speed. Also, Rgs/ﬂés is
the isentropic area ratio” which corresponds to ?.{as from secondary

flow continuity considerations. The secondary Mach number M,  is again

det2rmined by pzs/pos as showi: on page 17.

“See footnote on page 25.
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d. Secondary Expansion Case e

In the secondary expansion model the flow behavior is

somewhat different o either of the preceding cases. The secondary .
flow enters the nozzle, as in the preceding models, through a sonic
orifice and is directed similarly, at an angle of injection ¢. In
addition, the primary and secondary str2ams, as in the sheet flow
case, do not mix as they flow downstream. However, in the present
model the seccadary stream expands as it flows to station 2 {sce skeich
on page 15}, filling the region between the wall and the primary stream.
Furthermore, the secondary flow expansion is isentropic and the Mach
number Mzs is given by the isentropic area ratio A"'s/Aés' Thus the
secondary expansion model asstmes that the secondary stream does not
separate from the wall.

The countinuity equation for the present case is the same as that

of the sheet {low one, nameliy, Eq. {10}. The momentum equation is

e ) -

A
£ {3+YMzzl-yr s
Po

r

2 LS {P 3
=B (R o P . d- [Re)?
g 8 [ ] o - ]

where the area ratio A;s;’%gs, which determines M‘s' is obtained from

@)
Azs ) - {R‘Z - Rf} ) 1/
Al AL T AL (2
gR,z -

Since Ags/Ags, and thus %i;s, depends on (R, /R,}z. a trial value is needed .

fer the {¥,; /'R; ¥ in £q. (27} in order to solve Eq. (26) for the samz param- E

eter. However, as mentioned on page 18, the area ratio (R; ,!'R,)"' found
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from the continuity and momentum equations (Eqs. 10 and 26, respec-
tively) is determiined for various assumed vaiues of M,. Thus, 1n the

presert case the assumed M, yields an (R; /R ) from Fq. 10 (continu-
ity} which is then nged as a trial value in Eq. (27 Tg. 120}
{momentum) may also be solved for (R, /Ry . The Mzs corresponding

to the Azs/"\ts in Eq. (27) is used to obtain the pressure ratio P2y /Po_-

e. Flow Throttling

The three flow models developed above yield problem solu
tions in the manner described previously on page 18. The solutions de-
pend on certain final assumptions and thesc were the same as those of
section 2d. In particular, the overall primary pressure ratio p:/po was
assumed to be 0.5283 (M, = 1) and air was the fluid in the primary and
secondary streams. In addition, the secondary-to~primary stagnation
temperature ratio was assumed to be unity which means Eq. {23) deter-
mines the secondary flow ratio. Firally, the injection angle ¢ was taken
2s 60° while the area ratio A#s/“ R,* was assumed to be 0.05.

The results for the secondary mixing, sheet flow, and secondary
expansion raodels are shown in Fig. 9. Also shown, for purposes of
comparison, are the curves of Fig. 8. It is apparent that the comparable
flow models {secondary mixing versus mixing process and sheet flow
versus vortex sheet) yield very different flow throttling performance.
The difference tetween them results from the new treatment of the sepa-
rated flow region as well as the assumption that there is no acceleration
of the entering secondary flow. The major portion of this difference, how-
ever, 15 due to the assumption of a negligible pressure in the separated
flow zone.

The difference between the mixing process and secondary mixing
cases is seen to be smaller than the difference between the vortex sheet
and sheet flow cases. Although this effect is a direct result of the con-
sideration of the separated flow region, it may be traced to a more basic
reason. This reason is 2 two-sided one which involves an assumption
in the mixing process and secondary mixing models as well as an inherent

feature of the vortex sheet and sheet flow models. The effect in question
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is a result of the assumption that the average si. gaation conditions,
in the mixing process and secondary mixing cases, are the same as
the initial values in the primary stream. On the other hand, the vortex
sheet and sheet flow maodels cannet 12guirc au anaivguus assumption
since the primary and tecondary flows arc considered separately. Fur-
therm-+re, the assumption in th~ mixing models means that the results
must become somewhat unrealistic at high secondary {iow rates.

Although specific comparisons to experimental data follow in
another section, it was found that the sheet flow and secondary expan-
sion cascs encompassed almost all of the data. This seems very reason-
able since these flow models are, in a sense, two extremes, of a type of
flow behavior. In the sheet flow casc the secondary stream flows in &
sheet circumjacent to the primary stream. Thus, the secondary pressure
{at station 2 in the analysis) is determined by the primary stream and,
since the change in flow direction (126°) is large, the secondary strcam
is separated from the nozzle wall. In the secondary expansion case, how-
ever, the secondary stream expands to fill the area between the primary
streamn and the wall. In this case the secondary pressure is indcpendent
of the adjacent primary value and there is nv separated {low region. The
water table observations indicated that both flow configurations exist
simuitaneously (separation upstream of secondary expansion zone} and, if
the air data may be taken as proof, this may actually be the case.

Finally, it should be pointed out that the sheet flow and seccndary
expansion models seem to be capable of taking account of temperature
effects. As shown on page 4, hot and coid gas data were found to vary in
the same direct proportion to secondary flow ratio times {T%/T;§ z,

The throttling performance of the shect flow and secondary expansion flow
configurations is similarly related to secondary flow. The sccondary-to-
primary stagnation temperature ratio docs not appear in the continuity
equation {Eq. 10} or in the momentum equations (Eqs. 25 and 26} of either
modcl. Thus, for a given secondary-to-prirmary stagnation pressure

ratio, throttling performance is specified. However, according to Eq. {19)
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the secondzary flow ratic becomes

Tbjoe

T
=]

- - -

which means thai the scoendary flow for a given throtlling level is pro-
portional to the stagnation temperature ratio. Furthermore, it is obvious
that if the secondary flow  tio is multiplied by {T;s/’l‘g} Z then throttling

performance is independen. of temperature ratio and related to the param-

eter i
¥ |Tog|®
w T
Po °

by a constant.
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SECTION IV

EXPERIMENTAL RESULTS

The initial phase of the NSL effort took the {orin of a series of
experiments in which secondary injection was used in an axially sym-
metric nozzle. A variety of iujection configurations were tested with
air as the working fluid in both the primary and secondary streams.

The objective of the program was to determine some of the flow throttling
and thrust control characteristics peculiar to the injection method. These
teste are the primary concern of this section of the report. The first
portion of this section is devotcd ¢ a descriptive discussion of the model
and test conditions. The remainder of this section is a presentation of

tha test results.

A. MODEL DETAILS AND TEST CONDITIONS

i. Air Supply System

The supply systems for both primary and secondary air are shown
in the schematic diagram of Fig. 10. Air for the primary flow was pumped
by Chicago Pneumatic Compressors through a drier into three storage
tanks denoted as receivers. As it flowed from the receivers, the air was
throttled by the mazin control valve before flowing through a surge tank to
the primary flowmeters. The flowmeters were used to measure the mass
flow of primary air fiowing through the model. Aftar passing through the
flowmeters, the air passed through a bellows system and into the model
settling chamber. A thermocouple located just upstream of the flow-
meters was used to obtain the stagnation temperature of the primary air.
A 150 psia Heise gage was used to measure the primary stagnation pres-
sure. This stagnation pressure was maintained at a constant level regard-
less of the amount of primary flow throtiling. The primary stagnation
pressure {pg) was 100 psia in nearly all of the runs in the tesl program

{exceptions: 75 psia and 50 psia).
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he sezondarvy air, during most of the tests, was obtained {roum

banks of standard air botties having an initial pressure of 2500 psi.

v

For the last group of runs, liowever, 2z storage tank and compressor
(1500 psi cuilel pressure) repiaced the bottled air supply. Both sources
delivered air 1o the same pressure regulating systemy. Two manually
operated secondary fiow control valves, downstream of the tiowmeter,
were used Lo obtain the desired secondary stagnaiiun pressure which
was measured with a 3000 pria Heise pressurs gage. As in the primary
flow, a Rubicon potentiometer was used te measure the outout of a stag-
nation temperature thermocoubpie located upstream of the flowmeter

The secondary «ir flowed through a pair of flexible hoses before enter-

ing the model sccondary settling chamber.

2. Model Arrangement

‘The model arrangement is shown in some 2etail in Fig. 1la.
Strain gage techniques were employed to measure directly the forces of
interest on the model. Nozzle thrust wae measured with the NSL wall
balance, and a pair of balances mounted on either side of the model
determiined side force magnitude and position.

The primary air flowed through four bellows in a system designed
to transmit a minimum of interferenc. {oreces to the model. As shown
in Fig. 11L, cach Sellows had 2 pair of thin axial restraints mounted ¢on
cither side. These restraints restricied bellows distortion while allowing
mndel displacement {due to thrust) to occur without oppositirn.,  After
passing through the bellows, the primary air flowed into the model
through a tee designed to give a minimum resultant net force on ae
model.

The reight of the model s, .tem shown in Fig. lla was suppeorted
by a counterweight so that only smali tare forces acted on the moment
balances with no flow through the model. A long cable and puiley were
used in the counterweight system so that the only resistance to thrust
took the form of 2 small friction force in the sulley.

The sirain gare balance ralibrations were performed with the

secondary air system pressurized and primary air flow ranging from
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zero t> the maximum design value of one pound per second. During
calibration runs a specially de-igned pipe tee renlaced the nozzle ir

the mzdel. This tee exhzusted the primary air in directions normal to
the mode! axis in an effort to minimize interference forces which would
affect the thrust calibration. Similarly, 2 negligibic offect on the side
force calibration was obtained by the exhzust of equzl flows in opposition
to one another {a drawing of the nozzle details showing the tee location
is shown in Fig. 12).

The results of the thrust calibration indicated tha: the primary
flow had essentially no effect vu the measurcments  This is attributed
to the flexibility of the bellows system. Thrust effect on side force wag
appreciable but this was unavoidable due to the thrust force being trans-
mitted to the wall balance by the side force balances.

A photograph of the model installation is shown in Fia. 13.

3. Nozzle Design

The details of the nozzle portion of the model are shown in
Fig. 12. The primary nozzle was conical and designed to expand the
flow to atmospheric pressure. The design flow rate was one pound per
second with a stagnation pressure of ;00 psia and a stagnation tempera-
ture of 530°R. The exit Mach number of the nozzle, according to the
exit-to-throat area ratio, was 2.1.

The complete nozzle was 2ssembled from three separate picces
with the bolted back plate holding the assembly in its proper orienta-
tion. The centrs® portion of the nozzle was changed {or each new in-
jection configuration. Two static pressure iaps were located near the
nozzle exit.

A pressure tap in the wall of the primary settling chamber
measured the primary flow stagnation pressure while a pressure tap in

the outside wall of the sccondary settlin g chainber was used to measure

the secondary fiow stagnation pressur This secondary stagnation
pressure was viried between 70 and 300 psia. The injection area was

such that a pressure of 300 psia produced a secondary flow of about

0.151b per second. The primary sta agnation pressure {106 psia} and
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nozzle throat area {0.430 in.?} resulted in an unrestr
Yy

¥
{
throttling) primary flow of approximaicly ! Ik per seco

4. Injection Configurations

The significant configurations that were tested are descriked he —

low by the pertinent information cencerning orifice ge¢ometry, etc.

Configurationﬁ No. Holes Hole Dia. {in.) & {deg.}) 0' %’}dth —
{in
—_— ]
C i6 5.032 30
D i6 0.032 60 —_— —
E 8 0.032 60 ———
F 32 9.032 6C —_— .
G 16 0.0465 0 —_— -
H 32 0.032 60 —_— '

Sarre as F except that injection holeg are

slightly upstream of nozzle throat

J - —_— 60 0.020

J Same as J except that injection is from

twe diametricall aily vpposite Quadrants

K 52 0.0292 60 —_——
L i6 . 0465 &0 —_—
Diameter giv €orrosponds i throat of

nozzie shapcc holes with = design injection

{exit) Mach number of 1.3, These holes =
exhausted air at 3 station slightly upstream

of the throat.

vUn:z?SE otherwise specified all orif fices ars at the nozzle thruat aad eu;a;aiiy

spaced around the C!?"L”}fe-(fuce- The ir.jection angle, as defined previ .
ousiy, is the angle included between ;h primary nozzle axis and the xig =
of .njection. Unless otherwise specii i Ps = 100 psia
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Configuration No. Hales Heie Dia. (in.} 4 {deg.) Slot Width _
{in.} -=
L 8 0.0465 60
r
™M s¢ v.03e 0 h

- The primary nozzle shape was modified to
produce a slightly smaller pressure gradient
in the throat region. In addition, the iniection -

holes were located slightly upstream of the

throat.
. M 16 0.032 &0 —_—
n
M 16 0.032 €0
T
Priumary stagnation pressure{ps) = 75 psia.
M 16 0.032 60
T

rimary stagnation pressure {p;} = 56 psia.

There were a few additional configurations tested which are not
listed above. In these configurations secondary air was injected at z
station aboui two thirds of the throat radius upstream of the throat. Since
the results obtaincd were not significant, no further mention of these con-
figurations will be made.
The asymmetric injection configurations tested were merely modi-
fications of the ones that appear in the above table. As shown in Fig. i2,
the secondary air flowed through threaded holes beiore bring exhausted
from the various types of injection orifices. Therzfore, to produce zsym-
metric injection, screws and sealing gaskets were used which blocked the
passage of flow to various holes. enligurations G, D, F, G, L, and J

g5 . s &
were 50 modified to obt2in asymmetric injection data.

-

. .
- The subscript s is used

s o denste an asymmetric injection configura-
tion {for example, Fl
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1. Flow Throtiling _

The exnperimentzl flow throttling performance «f the various ~on- —

figurations in the Phase I program is presentad in the fg!!ou_-i:é saza-
graphs. The datz is compared to the corresponding theoretizal
for the sheet flow and secondary expansion configuration:,

A few words of explanation are in nrder concoraing the analytical -

model flow calculations. The basis of the theoretical calculations was

the same for every injection conlizuratien. It was assumed, for instance,

that the flow throttling which occurred in the nozzie {(shown in F: - 12}
teok place in a relatively short axial distance. Thus, the printary oros-

sure ratio was taken as p;/p; = 0.3283 {M, = 1} and the throat area
{0.430 in.?) was assumed to be gR,z. In all cases, of corrse, air was

the working fleid in the primzry and secondary streams. The measure- -
ments of primary and secondary stagnation temperatures (zbout 530°R)

dicated that, fer znalytical calculation purposes, a value of unity was

2 good approaumnation for the secondary-to-primary stagnation tempera- ~
re ratio. 5ince the analytical methods do not contain an orifice cn- i
efficient (C} in the secondary mass flow equation, the arca ratio A,_/=R;?

=
e analytical calculations, by C A_ sR, . 'I'ius :
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procedure waz adopted, somewhat -rbitr::ri!yi s0 that the thegretical -

. The value of & was
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tion except one (sze conf-_g ration list on page 38). ¢

The flow throtiling result
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all of which the injection orifices are holes 8.032 inches in diameter. It

is apparent that the agrsement betwean theory and experiment is not very
good at & = $£° However, »t 5= 60" ihe data appears to corroborat
the theoretical invgeis.
result of a shorter axial distance in which throilling iakes place, producsd
z & of 60° wherein the secondary flow is directed upstream. The
t

afiect experimental agree-

In Fig. 15 the primary flow ratic of configurations T and H is
w ratic. Configuration H is the same as F
except for ite injection arifices being effactively (nozzle contoar slightly
moéifiec-'} moved to a position slightly upstream of the nozzle throat.
There is cssentially no difference in performance between these two con-
figurasions.
Primary fiow ratic is plotted against secondary {low ratio for

configurations G, L, and L_ in Fig. 16. Although the L configurations

&

had injection orifices designed for supersonic fow, it is believed that

z

s pressure raiios actally ron

such flow was never achieved. lhe Py
were too low o fill the orifice nozzle with supersonic flow.* Further-
more, the flow throttling of the I configurations is cscentially the same
as that of the G one which has sonic injection orifices. In spite of the

difierent {from that

the data 3g’ees with

fection. Ca}aﬁg&ratiss 31_, in which flow wa< injscted from opposite

' i1y Cai T A
v@g\e ;S;__,%;;;;__L

=

il
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quadrants of the slot, yields the same throttling variation as that ot J.
This result shows a rather surprising independence of performance
from the injection arrangement. All of the data in Fig. 17 shows good
agreement with the analytical results,

The flow throttling perfarman. o of confimurations F, M, aad M
are compared to the correspo g aualylical results in #ig. to. The
theoretical models are apparently substantiated by the ciperimental
data. In these configuraticrs the injection orifices are 0.032 inch
diameter holes but the nozzle contour in the M case is modified as

shown in the sketch below.
- ,
1 f

/
-~
-

Station o—
Station b-’L

CONFIGURATION M
CONTOUR and INJECTION STATION

$ —
- T

CONTOUR ond INJECTION STATION
/:K FOR Al OTHER CONFIGURATIONS
~
f

I

Thie M contour produces a slightly smaller pressure gradient in the
throat region. Nevertheless, the *hrottling performance achicved by
the M configuration is not significantly different from that of F, or,
for that matter, M - Although the diffzrence in throttling between

s

M and T is negligiole, it should be noted that the changz 1n contour

produces only a small decrease in the throat-regic. pressure gradient.
TR 430
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The lack of an effect of the number of orifices {as between M and Mx_ 3

agrees with the results above (in Figs. 14 and 16).

Configerations M, M_ , and M, :re compared to the appro-

be ]
1
i
o
3
[ i
B)
,
ot
.
)
L

minkm me
[ e

FA

hrcc Qascs the psrivany
pressure ratic was assumed tc be suck that M, = I, for the purgoses
of the thecretlical calculations. The agreement of the data with the
analytical results, in spite of the various primary stagnation pressurves,
scems to support the hypothesis that the throttling process takes place in
a relatively short axial distance where the nozzle area can be considered
approximately constant.

The flow throttling results for configurations F and J are shown
in Fig. 20 where asymmetric injection is compared to symmetric injec-
tion. Although only configurations F and J are shown, results are
similar with all of the others. Il 1s obvious that asymmetric throttling is
essentially the same as symmetric, on the basis of a given secondary
flow rate. This result agrees with the one obtained with cenfiguration ‘Ir'
and adds further evidence to the suppocition that flow throttling is inde-
peident of the circumferential injection arrangement (5}.

The data obtained with configuration J is compared {0 some
NACA data in Fig. 21. All of the configuralions are of the slot type with
comparable injcction areas. [t is apparent that the NSL and NACA data
are not considerabiy different. The smaller injection angle of the NSL
data increases {low throttling while the higher pressare ratio pg/patm)
has the opposite effect. However, as evidenced by the results cited
above for configuration Mr. b- vond a pressure rat:o of about 3.4 this
parameter does not seem to influence flow thiotiling. [t is thus believed
that in the present instance the difference in primary nozzles is of more
importance than the primary pressurc ratio. The NSL and NACA data
are therclore reasonably similar with the difference attributable to the

differences in injection angle and primary neczzlc gecometry.

-
The primary stagnation pressures were 100, 73, and 50 psia for

M_, M_, and M_ , respectively.
ry | 9] Y
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The results shown in Figs. 14 through 2! indicate that all of the
configurations tcsted have approximately the same flow throttling
characteristics. In addition, this flow throttling is significant compared
tn the variation which inmplies constant total nozele flow. Theory agrees

with experiment over a rznge of injection variables.

2. Thrust Control

The thrust of a conventional nozzle is directly proportional to
the product of its mass flow and exit velocity. However, it was not
known, a pricri, to what extent secondary injection might affect this re-

lationship. Furthermore, if the NSL theoretical work had been available

prior to the tests, it might have been of little use for information about
thrust variation.
.t The thrust measurements obtained in the Phase I test program

are similar to those rcported (and discussed in Section I1B) by the NACA
in Ref. 1. That is, it was found that the thrust is proportional to *he
total {primary pius secondary) nozzle flow. The valuc of a thrust param-

eter defined as

was calculated for all of the significant test data. Ts and T are the
measured thruets which correspond to the measured flow rates w  and
wp oW, respectively. This thrust paramet=r ~as found to be between
0.96¢ and 1.04 in over 97 percent of the test ruas (inclodes symmetric
and usymmetric injection data). This range is somewha* higher than the
thrust ratio (0.94 - 0.78) of the NACA data but the corresponding param-
eter {see page 7} is aot the same as the onc above. In fact, the differ-
ence 1n numerical results is believed 25 be due to the difference in defini-
tions. The NACA thrust ratio would tend to be slightly smaller since the
Vs involved increases with W,

Thus, 1t may be said that the NSL and NACA data are in close
agreement on the proportinnality of thruet to total nozzl~ flow. Fullhe: -

M. e, the proportion makes 1t appear that the exhaust .« locity of the

]

HEL SR 1]

¥
-
'
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nozzle remains essentially constant. Examinatios of parricular dnta,
however, shows a significant trend in the variation of thrust with total
nozzle flow.

L
A8

&

thsust raiio T/ Ty anda total tlow ratio (wn + “:3"“‘-, of con-
o

figurations ¥, J, and K are shown as a function of ée:onda?y flow in
Fig. 22.% The resulls shown are typical ot asymmetric as well as sym-
metric injection configurations. Although it is not apparent in the case
of confizuration F, the others chow au obvious difference between T/Tg
anrd (wp + ws)/wpﬂ which is an increasing function of secondary flow rate.
Thus, it appears probable, and reasonably so, that there is a ioss in
exhaust velocity which incrcases with secondary flow. This might be
considered as a loss in throttling eificiency from the viewpoint which
seeks a maximum from the propulsive potential of the total nozzle flow.

In spite of the efforts {mentioned earlier) to make it otherwise,
nozzle thrust and primary flow had a pronounced c¢ffect on the calibration
of the side force balances. In fact, this effect was large enough so that
2 severe limit was imposed on the accuracy of the side force messure-
ments. Nevertheless, asymmetric configurations were tested and a
few qualitative remarks may be made about the corresponding results.

Configurations C, D, ¢, G, L, and J were modified, as men-
tioned previously, to permit side force evaluations. In these configura-
tions injection took place over an arc of about one quarter or one half of
the circumference. In all cases, the side force, as expected, war toward
the side of the nozzle {rom which the secondary flow was injected.

The side force wae found, as in the UAC and NACA tests, to be
proportional to the secondary flow rate. However, the magnitude of the
side force was discernible only to the extent that it was of the order of
the secondary flow reaction force. The effect of the circumferential in-

jection angle (8) was not ascertainable from the data.

3. Nozzle Pressures

The primary nozzle was instrumented with two pressure taps

which were used to measure the static pressure near the nozzls exit,

L . - S s -
The experimertal unceriamnly in T/Tp is approximately 21 percent.
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I'he data obtained from configurations ¥ zna J, for syvmmetrnie and
asymmetric injection, is plotted 1n Frg. &3 as a tunction of sccondary
flow ratio.®™ The data 1s connected by siraight 1'nes merely for the
puirpose of clority  The data shown {2z these conligurations 1s typical
ot the measurements currespuoicding to the other configuratione. Sta-
tion a is upstream of station b, and t:. pressure taps are axiallv mn
Imne with one another {see shetch on page 42). 1t is apparent that in the
case of symmetric injection Py increases or decreases only slightly
with increasing secondary flow rate. In some cases it remains essen-
tially constant. At station a, however, the static pressvze tends to
ducrease with increases in secondary flow.

In sharp contrast to these effects are those of the data for
asymmetric injection. it should be pointed out, however, that the
pressure taps arc Jocated on the inje.-tion side of the noz=zle at about the
middle of the circumferential angle of injection (3). The asvmmetric
injection data shows a pronounced decrease in static pressure with in-
creasing secondary flow rate. In spite of the apparent difference in the
shape of the data betueen configurations Fs and Js' the {iow behavior in
both is believed to be basically the same. In both configurations, asym-
metric injection decreases the pressure downstream of the injection
zone, Furthermore, this decrease evidently extends to the end of the
nozzle since the downstream pressurc tap is also affected, However,

the J_ configuration, probably Jdue to the difference in 3, shows a

L]

s
ignificantly greater rate of pressure decrease than the F_ configuration.

‘nus, the subsequent rise in pressure, first at station b and then at

ol

station a, indicates that the flow separated {at least locally} from the
nozzle wall, After scparation, the pressures naturally approach the

ambient atmospheric level (p ‘pp ¥ 0.147), The F_ configuration, in con-

L]

trast, shows taat separaiion did not take place since both pressures de-

creased tn a monotonie {ashon,

-
w
=}
w
-
¢
%
vy

i, 23, for purposes of comparison, are the

it Ltatiors yoand b, which correspond to 1sentropic,

The exprrimental uncertanty an the nozzle pressure measurements s
neeligible of the =cale shown in Fra, 23,
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cne-dimensional flow in the basic nozzlea. The data shawn is typical e

T e o

that the mezasured pressures Were2 €Gua. o <a iuws ¢ “uan the wdeal vaiue

at station a whil: the data at station b was always higher thau the ideal

The nracence of the nozzle bound=rv lay ¢r tends to reduce the
{flow arez and thus the Mach number, A lower Mach numbder corre-
sponds to a higher pressure such as that shown at station b, However,
the same cffect is not evident at station a zince the local zcceleration of
the flow at the wall in thc throat region (where the nozzle shape makes
the flow two-dimensional) extends soime distance downstream.

The decreases in static pressure shown in Fig, 23 suggest cer-
tain possibilities with regard to {low behavior. Such a decrcasc in static
pressure seems to indicate a iocal acceleration of the tfow at least near
the wall, However, thc opposing effects of viscous losses and incrcasing
secondary stagnetion pressures may change po from the constant vaiue
of 100 psia assumed in Fig, 23, Furthcrmore, the flow at the wall may
be mostly secondary flow as part of a large injection zone which extends
downs!ream from the noszie throat, Nevertheless, it appears that the
flow at the wall may be accelerzted downstream of the injection station,
In the case of symmetric injection the flow accelaration {compared to

D

AN

w_ = 0} might be followed by a weak shock wave belween stations 2 an
(area ratios A/A_. of approximately 1.47 and i.8}1, respectively}), This
would explain the decrease of static pressure at station « being greater
than that at station b, In the case of asymmetric injection the process
might be similar but amplified in the region local to injection, i.e.,
directly do nstream of the injection zone. That is, the decrease in 8
for a given secondary flow rate might produce a greater rcgion of dis-
turbed flow. The corresponding increase in local acceleration would then
explain the greater {(compared to symmetric injection} decrease in static
pressure, Furthermore, the increaz-dJd region of disturbed flow might
also move the shock wave downsiream, This would then explain the be-

havior of the asymnmetric injection pressure measurements,

-l
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The theoretical and experimental rezul*s presented herein lead

1o certain conclusions regarding thrust control with scecondary in-

jection,

1. A relatively simple analytical flow medel was devised which
assumes isentropic, onec-dimensional flow in 2 constant area chaunel,
This model yieids flow throttling results which <orrelate the experi-
mental data.

Pn
(2]

ciz
-3

nificant and roughly the same for all ot the configurations tested. The

" S [P I g aed o3 ~ 3 ins :
2, The flow throttling achiaeved with sccondary injection

reduction in primary flow 1s about 2} tumes the injected secondary flow.

3. Flow throttling is insensitive to the orifice arrangement

{slot versus holes, etc.} in symmetric and asymmetric injection.

4. Flow throttling is not changed by variations in the overall

primary pressure ratin when the level is in the supersonic range.

crease the sensitivity of flow throttling toc injection arca.
6. Flow throliling varies significantly with injection angle {&}

7. The circumferential angle of injection {8} has no effect on

flow throttling (based on 2 given secondary flow rate).

8. Primary nozzle geometry is important but its importance is
affected by the overall primary pressure ratl,. The cffect of geometry

iz attenuated by incrcasing primary pressure raso.

9. Thrust is directly proportional to total nozzle flow. The
proportionality constant, however, decreases slowly from a value of
one with increasing serondary flow {for both symmetric and asymmeiric

injection).

TR 430 4Q
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The second major phase of NSL work began with an .« xnerimer 7
study designed to investigate the basic nature of the injecticn precess. -
According to original plans, the water table techinique was to have been
used for this experimentation. However, as mentioned in Section IR,
this method was abandoned in favor of a two-dimensional gas model.
Some tests have been perfermed with this type ot model and the techniquce

worxed 50 well that it was decided to pursue the remainder of the investi-

gation with this apparatus.

I'he remainder of work being planned is designed to study further
the feasibility of thrust control with gas injection. The experimental
portion will investigate the effects of injection angle { &), throat region
geometry and injection location. The analytical work presented herein
will be modified, where fiecessary, to correlate additional data. In ad-
dition, the NSL analytical method will be used to predict results for real
engine conditions {as the method permits) as well as others of intcrest.

In this connection, recent calculations have indicated very favorabie re-

sults with low molecular weight gases {secondary flow) such as heiium.
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